EXPERIMENTAL EPIDEMIOLOGY OF TUBERCULOSIS : THE EFFECT OF CROWDING UPON TUBERCULOSIS IN GUINEA PIGS, ACQUIRED BY CONTACT AND BY INOCULATION by Lurie, Max B.
EXPERIMENTAL  EPIDEMIOLOGY  OF  TUBERCULOSIS 
THE  EFFECT  OF  CROWDING UPON  TUBERCULOSIS  IN  GUINEA PIGS, 
ACQUIRED BY  CONTACT AND  BY  INOCULATION 
BY MAX B. LURIE, M,D. 
(From The Henry Pkipps Institute, University of Pennsylvania, Philadelphia) 
(Received for publication, March 3,  1930) 
In  conjunction with  the  extensive  studies  at The Henry Phipps 
Institute on the contagion of tuberculosis of man  (1)  Perla (2)  has 
investigated the experimental epidemiology of tuberculosis in guinea 
pigs.  He found that normal guinea pigs confined with tuberculous 
cage mates acquired tuberculosis of alimentary origin, characterized 
by a marked involvement of the mesenteric and cervical lymph nodes. 
Guinea  pigs  confined in  the  same  room  with  tuberculous  animals 
but not in the same cage acquired a disease of respiratory type, charac- 
terized by extensive lesions of the lungs and of the tracheobronchial 
lymph nodes.  The incidence of the disease increased with the in- 
tensity and duration of the exposure.  He has also  shown  (3)  that 
guinea pigs inoculated intraperitoneally with tubercle bacilli, such as 
those used as sources of contagion in these experiments, often excrete 
virulent microorganisms in the faeces and urine during the first week 
after inoculation, and always in the last stages of the disease.  His 
work does not, however, show conclusively the effect of crowding upon 
the incidence of "contact" tuberculosis, because the intensity of ex- 
posure in his experiments was not the same in each degree of crowding. 
By confining a  variable number of guinea pigs with a  fixed number 
of tuberculous animals in cages of the same size, the approximately 
equal amounts of tubercle bacilli available were distributed in "doses" 
of different size, according to the number of animals exposed.  At the 
suggestion of Dr. Eugene L. Opie, these studies have been continued 
by the writer. 
In judging these experiments it must be borne in mind that the 
experimental epidemiology of tuberculosis entails greater difficulties 
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than a  similar study of a  more acutely fatal disease.  The laborious 
nature  of the  experiments,  extending over long periods  of time,  the 
chronicity of the disease,  the relatively low incidence of tuberculosis 
acquired naturally by guinea pigs precludes the rapid demonstration 
of facts. 
The results of Bruno Lange  (4)  of the  Koch Institute  on  feeding 
guinea  pigs  with  tubercle  bacilli  illustrate  the  difficulty last  men- 
tioned.  He placed one or two drops of finely suspended, highly viru- 
lent tubercle bacilli in the mouths of guinea pigs by means of a pipette 
and  found  that  although  they can  occasionally be  infected  by  this 
method,  even with  quantities  as  low  as  0.000,001  mg.,  they do  not 
invariably develop tuberculosis even when 0.1 mg. is given.  The dis- 
ease so produced resembles the naturally acquired cage infection and is 
characterized by extensive lesions of the cervical and mesenteric lymph 
nodes without any evidence of tuberculosis at the portal of entry. 
The Effect of Crowding upon the Incidence of Contact Tuberculosis 
Method.--72 guinea pigs were divided into 3 lots of 24 each.  The first group 
was separated into 4 cages of 6 each; the second, into 6 cages of 4 each; and the 
third, into 12 cages of 2 each.  Half of the guinea pigs in each cage were inocu' 
lated intraperitoneally with 0.000,01 mg. of a virulent human strain of tubercle 
bacilli,  P-489A, to serve as sources of contagion for the other half, the normal 
animals,  or "contacts."  At  the  same  time  12 normal animals  without tuber- 
culous cage mates, were placed into 4 cages, 3 per cage, as controls,  to act as an 
index of the air-borne tuberculous contagion of the room. 
All the guinea pigs used as contacts and as controls were obtained from The 
Rockefeller Institute at Princeton.  The cages were all made of metal, with wire° 
mesh doors, 14 inches in height and width and 15 inches in depth.  Upon the floor 
of each cage there was a rectangular pan 12 by 14 inches.  To this uniform area 
of 168  square inches were  confined  the  6, 4 and 2  guinea pigs representing the 
three  degrees  of crowding.  Upon the floor food was  placed daily, consisting 
of hay, oats and bread soaked in water, with fresh, green vegetables twice a week, 
in amounts corresponding to the number of animals in each cage.  The cages were 
cleaned 3 times weekly on alternate days.  In case of the death of any animal 
from whatever cause its cage was sterilized. 
We thus could study the contagion of tuberculosis under conditions 
that gave different degrees of crowding but presumably the same in- 
tensity of exposure.  For each of the 12 contacts in the three degrees 
of crowding there was one inoculated animal in the cage to serve as its ~tx  B.  LtrR~  731 
source of contagion, the only variable being the whole number of ani- 
mals  confined to the same  space.  The population  of the  cages was 
maintained constant throughout the period of over a year by replacing 
the dying animals, either the inoculated or the contacts, by similarly 
infected or normal animals. 
Toward the end of the experimental period all the surviving con- 
tacts were given two successive tuberculin tests intracutaneously at an 
interval of 2 months.  If even the slightest positive reaction appeared, 
the animal  was killed and  carefully autopsied,  and if there was  the 
least doubt as to the presence of tuberculosis, virulent or living micro- 
organisms were sought by means of culture and animal inoculation. 
Results.--None  of the  12  controls used  as  index of the  air-borne 
contagion of the room developed tuberculosis. 
In the 4 most crowded cages, in each of which there were 6 guinea 
pigs,  3  infected and  3  normal,  4  deaths  with  tuberculosis  occurred. 
The data are summarized in Table I. 
In the protocols of this and subsequent papers a  disease character- 
ized by an extensive tuberculosis of the mesenteric with little or no 
affection of the tracheobronchial nodes is considered of enteric origin 
and a  massive affection of the tracheobronchial nodes with slight or 
no involvement of the mesenteric is interpreted as a  respiratory in- 
fection.  The experimental basis for this conclusion is the subject of 
the last paper of this series. 
In Cage 1, there were two deaths with tuberculosis.  Guinea pig 2 died at the 
end of 93 days of exposure.  One mesenteric node measures  16 x 10 ram. and is 
caseated in the center; there are two smaller  caseous  nodes in the mesentery. 
There are a  few isolated characteristic tuberculous foci in the lung,  liver and 
spleen.  The  tracheobronchial  and  periportal  nodes  are  somewhat  enlarged, 
fibrous and caseous.  Acid-fast bacilli were demonstrated in smears from the lung. 
Both lungs show severe congestion, which was probably the cause of death.  The 
infection is chiefly of enteric origin. 
Guinea pig 4 died at the end of 199 days of exposure.  The mesenteric nodes 
form a chain of extremely hardened and enlarged masses, measuring 40  x 15 ram., 
with isolated loci of caseation.  The tracheobronchial lymph nodes are much less 
enlarged and fibrous.  The periportal nodes present  an extensive tuberculosis 
with fibrosis and caseation.  There is a massive fibrous nodular tuberculosis of the 
lungs, a moderate tuberculosis  of the spleen and healing in the liver.  Acid-fast 
bacilli were demonstrated in the lung.  The route of infection here is to a great 
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The remaining contacts in this cage,  exposed from 213 to 370 days, failed to 
develop tuberculosis. 
In Cage 2, one death from tuberculosis occurred.  Guinea pig 6 died at the end 
of  270  days  of  exposure.  The  mesenteric nodes  are  caseous.  One  measures 
26 x  16 mm.; another about 10 mm.  There is an extensive generalized tuber- 
TABLE  I 
Incidence  of Contact Tuberculosis in Cages Containing  Three Normal and  Three 
Tuberculous Guinea Pigs Each 
Total number of  Presence of 
Cage number  inoculated animals  Number of the con-  in cage during  tact guinea pig  Days of exposure  tuberculosis in the 
experiment  contacts 
1  10 
13 
18 
16 
1 
2D 
3 
4D 
5 
6D 
7 
8K 
9 
10 D 
11 
12 
13K 
14K 
15 K 
16K 
370 
93 
271 
199 
213 
270 
134 
165 
394 
133 
271 
372 
369 
359 
365 
365 
none* 
+ 
none* 
+ 
none* 
+ 
none* 
none 
none* 
+ 
none* 
none* 
none** 
none*** 
none*** 
none*** 
* Absence of tuberculosis determined by repeated tuberculin tests. 
** Absence of tuberculosis confirmed by animal inoculation. 
*** Absence of tuberculosis confirmed by animal inoculation and culture. 
D  =  died; K  =  killed. 
culosis of the lungs, liver, spleen and lymphatic systems.  The infection in this 
animal is probably of enteric origin, largely. 
The remaining three contacts, exposed for 134,  I65 and 394 days, showed no 
evidence of tuberculosis. 
In Cage 3, one animal, Guinea pig 10, died of tuberculosis at the end of  133 
days of exposure.  There are 10 mesenteric nodes varying in size from 15 to 5 ram.; 
an are fibrous and caseous.  There is an extensive generalized tuberculosis of the ~-~x  B.  LURm  733 
iver, spleen,  lungs  and lymphatic system.  The infection is largely enteric in 
origin.  A pulmonary nodule revealed acid-fast bacilli. 
The remaining contacts, exposed for 271,369, and 372 days, failed to show any 
tuberculosis. 
In Cage 4, no case of tuberculosis  developed amongst the contacts although all 
three animals  had survived the entire experimental period.  Tuberculosis could 
not be demonstrated in them either by autopsy, animal inoculation, or culture. 
From Table I  it will be seen that there was no direct correlation 
between the incidence of tuberculosis amongst contacts and the total 
number of tuberculous animals  to which these were exposed.  Thus 
in  Cage  1,  where  there  were  about  3  replacements  of  the  sources 
of contagion,  totalling  10 tuberculous animals,  2  of the contacts de- 
veloped tuberculosis, whereas in Cage 4, where there were 5  replace- 
ments, the same 3 guinea pigs successively exposed to 16 tuberculous 
cage mates failed to show any tuberculosis.  Moreover it is seen that 
although the average duration of exposure of the contacts that died 
from tuberculosis was 173 days, 7 out of the 12 original contacts sur- 
vived the entire experimental period of 359 to 384 days without de- 
veloping tuberculosis. 
In the second degree of crowding, where there were 4  guinea pigs 
per cage, 2 contacts developed tuberculosis.  The data are summarized 
in Table II. 
Guinea pig 3, in Cage 1, died at the end of 143 days of exposure.  The chief 
node at the root of the mesentery measures 15 x 10 mm. and shows a caseous focus, 
and another mesenteric node shows a similar  condition.  The tracheobronchial 
and periportal nodes are moderately enlarged and caseous.  There are isolated 
tuberculous loci in the liver and spleen.  Acid-fast  bacilli were demonstrated in 
the mesenteric and tracheobronchial nodes and in the spleen.  The route of in- 
fection is probably both alimentary and respiratory.  The cause  of death was 
enterocolitis. 
Guinea pig 8, in Cage 3, died at the end of 179 days of exposure.  The deep 
cervical nodes on both sides measure 13 x 8 ram. and are fibrous and caseous.  The 
mesenteric nodes are massive, measuring 33 x 20 ram.,  and contain caseous loci. 
There are circular band-like  ulcers in the ileum.  There is a generalized  tuber- 
eulosis of the spleen, liver, lungs, and lymphatic system.  This is an infection of 
enteric origin. 
All the remaining contacts, exposed for intervals of 132 to 403 days, 
failed to show any evidence of tuberculosis although 5 of the 12 origi- 734  EFFECT  OF CROWDING UPON  TUBERCULOSIS 
nal  contacts  survived  the  entire  experimental  period.  Again  no 
correlation  could  be  noted  between  the  incidence  of  the  naturally 
acquired disease and the total number of tuberculous animals to which 
the contacts were exposed. 
TABLE II 
Incidence of Contact Tuberculosis in Cages Containing  Two Tuberculous Guinea 
Pigs Each 
Cage number 
Total number of 
inoculated animals 
in cage during 
experiment 
10 
10 
11 
10 
Number of the con- 
tact guinea pig 
1D 
2 
3D 
4 
5 
6K 
7 
8D 
9 
10D 
11 
12K 
13K 
14D 
15 
16K 
17D 
18 
Days of exposure 
275 
132 
143 
262 
391 
369 
403 
179 
240 
269 
142 
371 
366 
89 
346 
366 
267 
170 
Presence of 
tuberculosis in the 
contacts 
none 
none* 
+ 
none* 
none* 
none** 
none* 
+ 
none* 
none 
none* 
none** 
none*** 
none 
none* 
none*** 
none 
none* 
* Absence of tuberculosis determined by repeated  tuberculin  tests. 
** Absence of tuberculosis confirmed by animal inoculation. 
*** Absence of tuberculosis confirmed by animal inoculation  and culture. 
D  =  died; K  = killed. 
Not  one  case  of  contact  tuberculosis  occurred  under  the  least 
crowded conditions, in the 12 cages in each of which one normal animal 
was confined with one tuberculous animal,  although 8 of the exposed ~x  B.  LURrE  735 
guinea  pigs  survived  over  a  year.  These  data  are  summarized  in 
Table III. 
TABLE  HI 
Incidence o] Contact Tuberculosis in Cages Containing One Normal and One 
Tuberculous Guinea Pig Each 
Total number of  Presence of 
Cage number  inoculated animals  Number of the con-  Days of exposure  tuberculosis in the 
~u cage during  tact guinea pi  E  contacts 
~ent 
1  3 
5 
6 
7 
8 
9 
10 
11 
12 
1D 
2 
3D 
4D 
5 
6D 
7 
8D 
9 
10 
11 
12 
13 
14 
15 
16 
17 
271 
165 
207 
95 
115 
165 
262 
186 
224 
421 
379 
421 
385 
399 
314 
421 
421 
none 
none* 
none 
none 
none* 
none 
none* 
none 
none* 
none* 
none* 
none* 
none* 
none* 
none* 
none  s 
none  • 
* Absence of tuberculosis determined by repeated tuberculin tests. 
D  = died. 
Summary  and  Discussion.--During  the entire year 4  instances of 
contact  tuberculosis  occurred in  the  most  crowded  cages,  where  3 
normal guinea pigs were confined with 3 tuberculous cage mates.  Two 736  EFFECT  OF CROWDII~G  UPON  TD-BEIICULOSIS 
contacts  developed tuberculosis  in  the  second  degree of  crowding, 
where 2 normal guinea pigs were exposed to 2 tuberculous cage mates. 
No case of contact tuberculosis occurred in the least crowded cages, 
where one normal guinea pig was exposed to one tuberculous animal. 
Essentially similar results were obtained the following year with  a 
larger series of animals, where crowding was one factor amongst others 
studied; this experiment will be reported in a subsequent paper. 
Thus it  appears  that  the incidence oi  contact tuberculosis is  in- 
creased by crowding, when the intensity of exposure is the same in that 
one tuberculous cage mate serves as a  source of contagion for each 
animal exposed.  Nevertheless it is evident that  where one normal 
guinea pig is confined with one tuberculous animal to a  certain area, 
the normal animal is exposed to the excreta of that one guinea pig, 
but when 3 normal guinea pigs, for example, are confined with 3 tu- 
berculous cage mates to the same area, each of these 3 is exposed to 3 
inoculated animals.  It was shown by Perla that tuberculous guinea 
pigs excrete tubercle bacilli only during the first week and at the end 
of the  disease.  It  is  apparent  that  the  chances for  contagion  are 
much greater in the more crowded cages because the individual sources 
of contagion are in different stages of the disease at the same time, and 
tubercle bacilli are being excreted at more frequent intervals than in 
the less crowded cages. 
Furthermore, as will be shown, the course of tuberculosis in  the 
inoculated guinea pigs was also influenced by crowding, there being a 
tendency for a  longer period of survival and a more chronic type of 
disease in the less crowded animals.  This again will tend to diminish 
the intensity of exposure in the less crowded cages.  Thus it appears 
that an important factor in crowding is the "dosage" of bacilli avail- 
able.  However, that there are numerous other factors in crowding 
beside dosage that influence contact tuberculosis is evidenced by the 
fact that there is no direct correlation between its incidence and the 
intensity and duration of exposure.  The work of Lange (4) and others 
with feeding experiments points in the same direction. 
Undoubtedly such variables as the native resistance of the individual 
guinea pig to  tuberculosis (5), the ingestion and penetration of the 
organism, both as regards the quantity absorbed and the intervals be- 
tween absorptions,  and, possibly, the gradual immunization of some MAX  B. LURIE  737 
animals by repeated "doses" of  suitable  sizes at  suitable  intervals, 
may influence the incidence and course of tuberculosis acquired  by 
contagion. 
In regard to the last possibility, it is noteworthy that of the 6 con- 
tacts that died of tuberculosis in these experiments, 5 died within the 
first 7 months of exposure.  The sixth died 2 months later.  None 
died thereafter, nor was any tuberculosis or tubercle bacilli found in 
the 20 of the original 36 contacts that survived over 1 year. 
The character of the disease in the 6 guinea pigs that acquired it by 
contact has been a generalized progressive tuberculosis; in only one of 
them was there any evidence of healing in the liver.  It has been 
marked by an extensive involvement o~ the mesenteric lymph nodes. 
The tracheobronchial lymph nodes have also been involved, but usu- 
ally to a  much smaller degree.  Lange (4)  has shown that tubercle 
bacilli  could  be  isolated  from  the  cervical  and  mesenteric lymph 
nodes and from the spleen of guinea pigs from 1 to 3 days after feeding 
them with the microorganism, but they were not found in the lungs 
and tracheobronchial lymph nodes until later.  The early appearance 
of tubercle bacilli in the spleen accounts for the tuberculous affection 
of the lung, tracheobronchial lymph nodes and other organs, observed 
soon after the enteric infection.  In the 6  guinea pigs reported here, 
the route of infection appears, therefore, to be largely enteric, although 
the generalized character of the disease often obscures it and  simul- 
taneous respiratory infection sometimes occurs, especially in the less 
crowded cages. 
The  Effect  of Crowding on  the  Course of  Tuberculosis  in  Inoculated 
Guinea Pigs 
It was shown by Webster (6) that if mice are given a  certain quan- 
tity of mouse typhoid bacilli per os and distributed in different degrees 
of crowding the mortality is higher in the more crowded cages. 
A similar effect of crowding on the course of tuberculosis in guinea 
pigs inoculated intraperitoneally with tubercle bacilli  was  noted in 
these as well as in other experiments. 
In Table IV are summarized the average duration of life and  the incidence of 
chronic tuberculosis amongst 531  guinea pigs used in  experiments described here 738  EFFECT  OF  CROWDING UPON TUBERCULOSIS 
and to be reported later; they had been inoculated intraperitoneally with 0.001 
and 0.000,01 mg. of the same strain of tubercle bacilli and distributed in groups of 
1, 2 and 3 animals per cage, with an equal number of normal cage mates.  Only 
those guinea pigs are included that died of tuberculosis.  Two types of cage housed 
these animals: ordinary cages with a pan as floor, as described above, and special 
cages in which the faecal boluses fell through a wire-mesh floor into a pan 3 inches 
below.  In the latter type, the food was placed in metal cups attached to the door 
and walls of the cage; in the ordinary  cages the food was placed directly on the 
pan.  For brevity's sake the individual  data for each of these 531 guinea pigs are 
omitted and for that reason the probable error of the mean is included in the table 
TABLE  IV 
The Effect of Crowding on the Course of Tuberculosis in Guinea Pigs Inoculated 
Intraperitoneally witk Tubercle Bacilli 
Dose  ........ 
Cage type... 
2  64 
3  172 
0.001 rag. 
Ordinary  Specisl 
.• 
"6 
125  4-6. 
84  4-3. 
~'a  a 
65  19 
73  ~0 
~  .~, 
v~ 
4-7.  3C 
4-5.  22 
33 
42 
82 
0.000,01 rag. 
Ordinary 
,  .~  ~ 
22  t=$.8  ~'4 
37  4-5.3  21 
30  ~-3.7  18 
Under the heading "chronic tuberculosis" are included those animals that showed 
various types of pulmonary affection,  such  as  tuberculous  bronchopneumonia, 
pulmonary  tuberculosis  with  excavation or  chronic  fibrous  pulmonary  tuber- 
culosis, with more or less healing in the liver, spleen and lymph nodes. 
It is seen that there is a  tendency to a  higher incidence of chronic 
tuberculosis and a longer average duration of life amongst those guinea 
pigs that are less crowded.  The 64 guinea pigs inoculated intraperi- 
toneally with 0.001 rag. and distributed in ordinary cages in groups of 
2  survived on an average of 41  days longer than the  172 guinea pigs 
similarly housed and inoculated with the sarae quantity and strain of 
bacilli by the same route but distributed in groups of 3 per cage.  The 
incidence  of  chronic  tuberculosis  was  11  per  cent  higher  in  the  less 
crowded cages. MAX  B.  LURIE  739 
The same general results were obtained in the special cages with the 
same dose and in the ordinary cages with 0.000,01  rag., when the three 
lots of inoculated guinea pigs in groups of 1, 2 and 3 animals per cage 
survived a successively shorter period with each increase in the num- 
ber of tuberculous animals per cage and, inversely, the incidence of 
chronic tuberculosis  increased with  each  decrease in  the  degree of 
crowding.  Where there was 1 tuberculous animal per cage the inci- 
,30  /  \ 
/  \\ 
/  "~  /i 
i  \ 
:~o  /  \  . 
'~  /  ,~  \ 
d  ~  ~, 
,  i  ' 
,, "~,  ..  Io  \  \  , 
Fio. 1. Duration of survival in relation to degree of crowding 
dence of chronic tuberculosis was 54 per cent, whereas where they were 
3 per cage the incidence was 18 per cent.  In the intermediate degree 
of crowding smaller differences were observed. 
The percentage distribution of the duration of life in these  three 
groups is illustrated in Fig. 1.  It will be seen that with each decrease 
of crowding the mode moves to the right, or in other words that the 
interval  of  greatest  frequency  occurs  at  successively  later  times. 740  EFFECT OF CROWDING  UPON  TUBERCULOSIS 
Where there were 3 tuberculous animals per cage 50 per cent died in 
from 51 to 90 days; 57 per cent of the guinea pigs in groups of 2 died 
in from 71 to 110 days and 51 per cent of those distributed 1 per cage 
survived 91 to 130 days.  Thus, although some guinea pigs will suc- 
cumb to tuberculosis early and others will resist the disease for a very 
long time irrespective of crowding--presumably because of the wide 
variations in  individual resistance to  tuberculosis--a large percent- 
age are distinctly influenced by the degree of crowding in their length 
of survival and amongst these, the more crowded the guinea pigs, the 
shorter their duration of life from the same dose of tubercle bacilli. 
Webster has shown that the higher mortality from typhoid fever 
amongst the more crowded mice was caused by superinfection.  The 
obvious explanation for the tendency to a more acute type of tubercu- 
losis and shorter life amongst the more crowded guinea pigs is constant 
exposure, a£ter inoculation, to more tubercle bacilli.  This is supported 
by the fact that where there were 3 tuberculous animals in ordinary 
cages  the  average duration of life  of  172  guinea pigs  was 84  days 
whereas of 73 guinea pigs similarly treated and similarly crowded in 
the special  cages, in which the contact with excreta bearing tubercle 
bacilli  was considerably reduced, the duration of life was 100  days. 
Furthermore the difference in the duration of life in the two degrees 
of crowding in the special cages is much less than that in the ordinary 
cages, a fact again attributable to the larger dosage available in the 
ordinary cages. 
That other factors may be concerned  is indicated by the iact that the 
life of 2 inoculated guinea pigs in the special cages is not longer than 
that of 2 inoculated guinea pigs  in the ordinary cages.  No patho- 
logical  evidence of superinfection could be obtained as there was no 
greater tuberculous involvement of the mesenteric nodes of the more 
crowded inoculated animals. 
CONCLUSIONS 
1.  If normal guinea pigs are confined with an equal number of tu- 
berculous cage mates the incidence of "contact" tuberculosis is in- 
creased by crowding.  This is probably due largely to an increase in 
the amount of tubercle bacilli  available in the more crowded cages, 
although no constant relationship could be established between the MAX B.  LUP~E  741 
intensity of the exposure  and the incidence of tuberculosis acquired 
by contagion.  Other factors must be determined. 
2.  If guinea pigs are inoculated intraperitoneaUy with a given quan- 
tity of human tubercle bacilli and distributed in different degrees of 
crowding, the duration of survival is shortened in the more crowded 
animals, and the incidence of chronic types of tuberculosis is greater 
among the less crowded animals. 
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